Inborn errors of cholesterol synthesis cause human malformation syndromes, including Smith-Lemli-Opitz syndrome, lathosterolosis, desmosterolosis, X-linked dominant chondrodysplasia punctata type 2, and congenital hemidysplasia with ichthyosiform erythroderma and limb defects. Because adequate cholesterol is not transported across the placenta, low cholesterol and elevated sterol precursor levels are present during embryogenesis. It has been debated whether the malformations result from low cholesterol or the buildup of sterol precursors. In this issue of the JCI, Engelking et al. provide evidence that sterol precursor accumulation plays a pivotal role in the genesis of facial malformations (see the related article beginning on page 2356).
Inborn errors of cholesterol synthesis
Smith-Lemli-Opitz syndrome (SLOS; see ref. 1 ) is due to mutation of the gene coding for 7-dehydrocholesterol reductase (DHCR7). DHCR7 reduces the Δ 7 double bond in 7-dehydrocholesterol (7-DHC) to yield cholesterol in the final step of cholesterol synthesis. Impaired DHCR7 activity causes an accumulation of 7-DHC and cholesterol deficiency. Clinical manifestations of SLOS ( Figure 1 ) are variable, and the phenotypic spectrum is broad. Severely affected infants have multiple congenital anomalies and devastating neurological impairment. In contrast, mild SLOS combines learning and autistic-like behavioral problems with minor physical anomalies. Typical craniofacial findings include microcephaly; ptosis; a short, upturned nose; and micrognathia. Cleft palate occurs in approximately half of the patients. Limb anomalies include short thumbs, postaxial polydactyly, and 2-3 toe syndactyly. SLOS is a relatively common genetic disorder. The clinical incidence has been estimated to be on the order of 1 in 20,000 to 1 in 60,000. However, the carrier frequency for SLOS mutations suggests an incidence on par with more well-known genetic disorders, such as phenylketonuria (1 in 14,000) and osteogenesis imperfecta (1 in 20,000).
SLOS was identified as a defect of cholesterol synthesis in 1993 (2). Subsequently, 4 additional human malformation syndromes have been shown to be due to impaired cholesterol synthesis (reviewed in ref.
3). These include the "SLOS-like" syndromes desmosterolosis and lathosterolosis, which are due to deficiencies of 3β-hydroxysterol-Δ 24 -reductase and lathosterol Δ 5 -desaturase, respectively. Two skeletal dysplasia syndromes with dermatologic manifestations, X-linked dominant chondrodysplasia punctata type 2 and congenital hemidysplasia with ichthyosiform erythroderma and limb defects, result from deficiency of 3β-hydroxysterol-Δ 8 , Δ 7 -sterol isomerase and NADPH sterol dehydrogenase, respectively. Hydrops-ectopic calcification-moth-eaten dysplasia and some cases of Antley-Bixler syndrome may include a minor impairment of cholesterol synthesis (3). However, the contribution, if any, of impaired cholesterol synthesis to these latter 2 syndromes is not clear.
Cholesterol deficiency and precursor toxicity
Understanding the pathophysiological processes that underlie the developmental defects in SLOS is complicated because cholesterol is important in multiple biological processes. Cholesterol is a structural lipid in cellular membranes and an obligatory biogenic precursor for steroid, oxysterol, and bile acid synthesis, and cholesterol modification of hedgehog morphogenic proteins is required for normal hedgehog signaling. Further complicating our understanding of the pathophysiology is that each of these biological processes could be perturbed by either cholesterol deficiency or excessive sterol precursor accumulation.
It has been debated whether the malformations in SLOS and related disorders are due to low cholesterol, low total sterol, or elevated sterol precursor levels. Precursor sterols could be bioactive themselves or give rise to bioactive sterol products, including cytotoxic oxysterols (4, 5) . The study by Engelking et al. in this issue of the JCI (6) helps separate these factors. This group disrupted both Insig-1 and Insig-2 and studied the developmental consequences in double-knockout (DKO) mice. Insig proteins play a pivotal role in the regulation of cholesterol synthesis by modulating the activity of 2 sterol-sensing domain-containing proteins, Scap and HMG-CoA reductase (reviewed in ref. 7) (Figure 2 ). When cellular cholesterol levels are low, Scap escorts SREBPs from the endoplasmic reticulum to the Golgi apparatus, where they are activated by proteolytic processing. Activated SREBPs translocate to the nucleus and promote the expression of cholesterologenic genes. When cellular cholesterol levels rise, Insig proteins bind Scap and inhibit the translocation of SREBPs to the Golgi apparatus. Insig proteins also modulate HMG-CoA reductase activity. When the levels of lanosterol, a precursor sterol, increase, Insig binds to and mediates the proteolytic destruction of HMG-CoA reductase.
When both Insig-1 and Insig-2 are disrupted in the liver, cholesterol synthesis becomes dysregulated. Even though cholesterol levels rise significantly above normal, activated SREBPs continue to promote the transcription of cholesterol synthetic genes, and HMG-CoA reductase activity remains high (8). Engelking et al. (6) now report the developmental consequences of Insig deficiency. Most Insig-DKO embryos have midline facial clefting ranging from cleft palate to a complete facial cleft. Cleft palate is a malformation found in both humans and mice with inborn errors of cholesterol synthesis. Mouse models of SLOS (9), lathosterolosis (10), and desmosterolosis (11) have been produced by targeted homologous recombination. All 3 of these mouse models exhibit abnormally low tissue cholesterol levels; however, the accumulating precursors differ. Cleft palate is found in SLOS and lathosterolosis mice at a frequency of 9% and 88% respectively, but is not found in desmosterolosis mice. These differences suggest that cleft palate frequency may be dependent on the nature of the accumulating sterol precursor. However, because all of these mouse models have decreased cholesterol levels, one cannot exclude the possibility that low cholesterol combined with the differential abilities of 7-DHC, lathosterol, and desmosterol to substitute for cholesterol is the critical factor. Insig-DKO embryos accumulate sterol precursors but are not cholesterol deficient. Hence, the Engelking et al. study implicates sterol precursor accumulation, rather than diminished cholesterol or total sterol levels, as a key factor in the genesis of facial malformations.
Sonic hedgehog and cleft palate
The discovery that cholesterol is necessary for the maturation of hedgehog proteins (12) provided insight into a developmental pathway that is likely perturbed due to inborn errors of cholesterol synthesis. The hedgehog proteins play a major role in multiple developmental fields. Sonic hedgehog (Shh) is involved in palate development, and disruption of Shh causes cleft palate (13) . Shh undergoes autocatalytic processing, whereby a molecule of cholesterol becomes covalently attached to its signaling domain (12) . Cholesterol modification is necessary for normal Shh signaling (14) (Figure 2) . Shh binds to the receptor Patched (Ptch). (17) . Thus, either a gain or loss of Smo function could be proposed. In the current study, Engelking et al. (6) were able to decrease the frequency and severity of facial clefting in Insig-DKO mice by treating them with lovastatin. Lovastatin is an HMG-CoA reductase inhibitor and lowers sterol precursor levels in Insig-DKO embryos. This experiment strongly supports the idea that elevated sterol precursors underlie the facial clefting. Future work will investigate whether this is mediated through an alteration of Shh signaling. The existence in humans of naturally occurring CD4 + CD25 + Tregs is highlighted by the rapid onset of a severe polyautoimmune syndrome in children genetically deficient for the transcription factor Foxp3, a lineage marker for this Treg subset. Based on this observation in humans and also on compelling experimental evidence obtained from the study of mice (1-4) , it is postulated and generally accepted that Tregs are responsible for the control of autoreactive T cells, which react aggressively toward the host's tissues and trigger autoimmune disease in the absence of effective T cell-mediated regulation. A growing number of studies indicate that Tregs also play a significant role in downregulating the immune response to a variety of nonself antigens, such as microbial antigens, tumor antigens, and alloantigens (5-7). Some confusion persists, however, concerning the precise definition of the cell phenotype, functional capacity, and fine antigen specificity of the Tregs participating in these diverse contexts. The situation is further complicated by the fact that some studies argue for the participation of selective and distinct types of Tregs under each of these different conditions (8) (9) (10) (11) (12) (13) . In contrast, other studies adopt a more unifying view and propose that a single population of T cells, namely, thymus-derived CD4 + CD25 hi Foxp3 + T cells, gives rise to Tregs controlling the various immune responses (5) .
It is now well established that a distinct subset of T lymphocytes is essen-
It is apparent that these latter CD4 + CD25 hi Foxp3 + T cells have a predominant role in controlling autoimmune responses in normal individuals in a phenomenon known as physiological tolerance. It is probably an oversimplification, however, to infer that these cells play a role in the control of all other immune responses, especially since effective immune regulation is
